Nanotechnology is developing rapidly and the production of novel man-made nanoparticles is increasing. However, the effects of these particles on human health are unevaluated. Depending on particle size and the surface properties, nanoparticles may have the potential to affect human health. In recent studies, several silica nanoparticles (<100 nm) were shown to be penetrating into the brain. Thus, it is important to understand the influence of these nanoparticles on the central nervous system. In this study, we investigated the toxicological influence of nanoparticles on cortical cultured neurons isolated from embryonic day 18 Wister rats. Cortical cultured neurons at 21 days in vitro (DIV) were treated with 30 nm silica nanoparticles for 1 hr. Many neurons were damaged immediately more than at 0.01 mg/ml concentration of silica. Cell damage was also assessed using the lactate dehydrogenase (LDH) assay and the reactive oxygen species (ROS) assay. We revealed that the Neuro-toxicological mechanisms were due to membrane permeability. It was suggested that cell membrane permeability was enhanced because of ROS generation. Given these results, it will be important to determine the effect of nano-silica particles in vivo and identify the extent of neuronal damage.
Introduction
Nanotechnology is developing rapidly and the production of novel manufactured nanoparticles is increasing. Depending on the particle size and the surface properties, nanoparticles have the potential to affect human health. Some nanoparticles have received considerable attention, because of their useful properties, such as high conductivity [1] , biocompatibility [2] [3] , and stability [3] . These nanoparticles can be used in various application fields including bioelectronics and biomedical applications [4] - [9] . However, the effects of these particles on human health are not elucidated.
Silica nanoparticles have also been formulated for medications and foods, however, the potential for ROS generation may lead to the development of immunologic diseases [10] . Generation of ROS has been reported in primary cultures of microglia [1] [3] [11] [12] . Activation of brain microglia that produces various neurotoxic factors including cytokines and ROS has been increasingly associated with dopaminergic degeneration of neurons induced by various toxicants [13] .
Recent several in vivo studies suggested that smaller than 100 nm nanoparticles (1 mg/ml) have the ability to reach the brain tissue [2] . In our previous studies, concentration of 30 nm silica nanoparticles (1 mg/ml) can be transported into the brain through the Blood-brain barrier (BBB) [14] [15] . Moreover, some nanoparticles can penetrate into the brains of murine fetuses through the placenta by intravenous administration to pregnant mice. The effects of nanoparticles and their distribution in various organs have been studied in vivo and have provided important insights on the toxicological mechanisms involved in cell damage. However, few reports have addressed the effect of nanoparticles on the central nervous system. For example, although a study has shown that silica particles were present in the adult-mouse brain following transdermal absorption [16] and in mouse-fetuses in utero [2] , it remains unclear what is the effect of nanoparticles on neurons after penetration into the brain. Therefore, in order to monitor the toxic effects of silica nanoparticles following direct contact with neurons, we used primary cultures of cortical neurons isolated from rat embryos.
In our previous study, we showed size-dependent penetration of silica nanoparticles with a BBB model in vitro. Moreover, 300 nm large silica particles did not cross and not deliver the placental-maternal barrier [14] [15] . We also showed that the apparent permeability coefficient in the model for the 30 nm silica particles was higher than those of the larger silica particles (100 and 400 nm) and was higher than those of the smaller silica particles (22 nm) [14] [15] . Therefore, we used 30 nm silica nanoparticles in this study.
We used silica in this paper because in recent years, the use of silica nanoparticles has been extended to biomedical and biotechnological fields. There is a lack of information regarding the health and environmental implications of manufactured nanomaterial to human. It is important to carry out observation Y. Inoue et al. World Journal of Neuroscience from a viewpoint of silica. However, the silica needs to evaluate the toxicity by contact into a cell without toxicity (an exception is a lung) outside a body [17] .
A previous report showed that when intraperitoneal injection of quantum dots to mice was carried out, quantum dots were detected in several regions of the mouse brain, thalamus (8.76%), brain stem (29.4%) and cortex (21.36%) [4] .
Interestingly, this report suggested the particles distributed not only to the circumference of a blood vessel but to cerebral parenchymatous tissue in the cerebral cortex. For this reason, we used cerebral cortex primary cultured neurons for the evaluation of nanoparticle's exposure [4] . Based on previous reports that 100 nm, or smaller, particles can penetrate into the brain [16] , we observed cell damage using silica nanoparticles and elucidated the mechanism of neuronal toxicity using the ROS assay and LDH assay.
Material and Methods

Cell Culture
Primary cultures of cortical neurons were prepared as described previously [18] .
Briefly, the cortex was isolated from embryonic day 18 Wistar rats, treated with papain (100 mg/ml, Worthington, Lakewood, NJ, USA) for 10 min at 37˚C. 
Exposure to Silica Nanoparticle
Primary cultured cortical neurons were exposed to fluorescent rhodamine 30 nm silica and non-labeled 30 nm silica particles (Micromod Partikeltechnologie GmbH, Germany) for 10 min, 30 min and 1 hr at concentrations of 0.01, 0.1 and 1 mg/ml. These particles contain high amount of covalently bound fluorescence dye in the silica matrix and are extremely stable in organic solvents and buffers and no toxic effects come from the covalently bound fluorescence dyes. We checked the characterization of the nanoparticles by dynamic light scattering.
The diameter of the silica nanoparticles in culture medium, which was measured with dynamic light scattering, was 32.29 ± 0.32 nm. Degree of dispersion is Polydispersity index (PdI) = 0.037 ± 0.011.
Immunocytochemistry
After exposure to silica nanoparticle, cells were fixed for Immunocytochemical 
Cellular Damage Assays
For the measurement of LDH release from neurons, cell damage was monitored 
Results
We investigated effects of rhodamine-labeled 30 nm silica nanoparticle on primary cultures of rat cortical neurons. Because primary cultured neurons were still small at DIV 7, we used primary cultured cortex neurons at DIV 7. Neurons at DIV 7 without nanoparticle became large and nerve networks with neurons each other (Figure 1 ).
In order to investigate the reaction after silica nanoparticle penetration in acute phase, we exposure the silica nanoparticle to neurons for 1 hr. Figure 2 are no significant differences between all the concentrations; however, higher cell damage rates were observed the all concentrations during 30 min exposure ( Figure 3 ).
In order to investigate the mechanism of the leakage from neurons, we examined the effect of ROS generation using a green fluorescent indicator, following co-culture with 30 nm fluorescent silica particles for 30 min. We observed the green fluorescence in the cell bodies of neurons where the axial fiber disappeared, which suggests that ROS production lead to neuronal cell death ( Figure   4(b) ).
Discussion
In this study, we measured the effects of the silica nanoparticle on primary cultures of cortical neurons using rhodamine-labeled 30 nm silica nanoparticle. World Journal of Neuroscience We observed a decrease in the number of dendrites, and only the cell bodies remained at 1 mg/ml concentration. Furthermore, the silica nanoparticle localized around the neurons but no active uptake into the cell bodies was observed.
As LDH leakage and ROS generation were observed by the silica nanoparticle's exposure, we concluded that ROS generation caused cell membrane damage by the silica nanoparticle's exposure, and this might be a primary mechanism of neuronal cell death.
However, to date, little is known concerning the potential adverse effects on the brain associated with exposure to silica. It is a case where it goes into the brain which may cause cerebral conditions, such as Alzheimer's disease. In acting on a neuron, there is a possibility that a neuron disease like Alzheimer's disease will arise, and it may be connected with ROS generating, destruction of a cell, inflammation, etc. It is necessary to perform cytotoxicity assessment of silica nanoparticles in vitro by this experiment method. It leads to the observation by these in vitro seeing the influence on in vivo directly. This result is meaningful as a result which showed that silica nanoparticles acted on brain cell direct.
Silica nanoparticles are being used increasingly in diagnosis, imaging, and drug delivery for the central nervous system in recent years. Since the influence of silica may relate to a disease directly, the experiment here becomes important [22] .
ROS production might cause mitochondrial dysfunction within the neurons, or induce apoptosis signal such as caspase 3/7, and the cell death is induced.
Neural cell damage caused by ROS production has been linked to diseases such as Alzheimer's and Parkinson's disease [6] . In previous studies, 20 -40 nm diameter of silica nanoparticles were used, and ROS generation resulting from silica administration was reported in primary cultures of cortical neurons isolated from postnatal day 3 rat pups [23] . Because primary cultures of cortical neurons from newborn rats contain not only pyramidal cells but also glia cells, the effects of silica nanoparticles are thought to be complicated [23] . Conversely, in this study, we used a prenatal fetal cerebral cortex for assays, in which pyramidal cells are mainly contained. Therefore, our assays are easy to examine the effect of silica nanoparticles on neuronal damage.
It has been reported to the keratinocyte that the 20 nm silica particle of toxicity is higher than the silica of >100 nm and that the particles below 100 nm go into a brain as previous statement. We experimented by the particles below 100 nm this time [17] .
Yamashita et al. indicated that silica nanoparticles reach the fetal brain fol-World Journal of Neuroscience lowing the administration of 70 nm silica particles to pregnant mice [2] . However, functional effects of silica nanoparticles on neurons were not assessed in detail. The simple method for the assessment of neuronal damage used in this study will be useful for predicting possible in vivo damage, such as ROS-related damage and LDH leakage from silica nanoparticles.
Conclusions
We examined the effect of 30 nm silica nanoparticle's exposure on cortical neurons by means of LDH assay and ROS generation. The cell damage highly depends on the concentration of the silica nanoparticle, and the exposure time.
The long-time exposure caused a generation of ROS, and the generated ROS is one of the reasons for the explanation of neurons' damage. This work suggests a possible risk on neurons is the silica nanoparticle localization associated with ROS generation.
